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(57) Abstract: A multi-stage lasing semiconductor optical amplifier (SOA) device amplifies an optical signal. The multi-stage 
SOA includes at least two SOA stages coupled in scries. Each SOA stage includes a semiconductor gain medium and a laser cavity 
including the semiconductor gain medium. The medium is pumped above a lasing threshold for the laser cavity, which clamps the 
gain of the medium. An optical signal propagating through the medium is amplified by the gain-clamped medium. The SOA stages 
are characterized by a design parameter which varies from stage to stage. In a preferred embodiment, the design parameter includes 
a noise figure and a saturable power, with both parameters increasing as the optical signal propagates from stage to stage. As a result, 
the multi-stage SOA can achieve better noise performance and higher power outputs compared to comparable SOAs of constant 
noise figure and saturable power. 
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LOW-NOISE, HIGH-POWER OPTICAL AMPLIFIER 

Inventors: Sol P. Dijaili 

Jeffrey D.Walker 

CROSS-REFERENCE TO RELATED APPLICATION 

This application is a continuation-in-part of co-pending U.S. Patent Application Serial 
No. 09/273,813, "Tunable-gain Lasing Semiconductor Optical Amplifier", by Jeffrey D. 
Walker, Sol P. Dijaili and Daniel A. Francis, filed March 22, 1999, which subject matter is 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 
L Field of the Invention 

The present invention relates to optical communications systems and, more 
particularly, to lasing semiconductor optical amplifiers. . 

2. Description of the Related Art 

As the result of continuous advances in technology, particularly in the area of 
networking such as the Internet, there is an increasing demand for communications 
bandwidth. For example, the transmission of data over a telephone company's trunk lines, 
the transmission of images or video over the Internet, the transfer of large amounts of data as 
might be required in transaction processing, or videoconferencing implemented over a public 
telephone network typically require the high speed transmission of large amounts of data. As 
applications such as these become more prevalent, the demand for communications 
bandwidth capacity will only increase. 

Optical fiber is a transmission medium that is well-suited to meet this increasing 
demand. Optical fiber has an inherent bandwidth which is much greater than metal-based 
conductors, such as twisted pair or coaxial cable; and protocols such as the OC protocol have 
been developed for the transmission of data over optical fibers. Typical communications 
system based on optical fibers include a transmitter, an optical fiber, and a receiver. The 
transmitter converts the data to be communicated into an optical form and then transmits the 
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resulting optical signal via the optical fiber to the receiver. The receiver recovers the original 
data from the received optical signal. 

Optical amplifiers, which boost the power of the optical signal propagating through 
the optical fiber, are an important component in such fiber communications systems. For 
example, receivers typically operate properly only within a relatively narrow range of optical 
signal power levels; optical amplifiers can be used to boost the received optical signal to the 
proper power range for the receiver. As another example, phenomena such as fiber losses, 
losses due to insertion of components in the transmission path, and splitting of the optical 
signal may attenuate the optical signal and degrade the corresponding signal-to-noise ratio as 
the optical signal propagates through the communications system. Optical amplifiers may be 
used to compensate for these attenuations. Conventional optical amplifiers, however, suffer 
from various drawbacks. 

Fiber amplifiers are one type of conventional optical amplifier. They include a length 
of fiber which has been doped to form an active gain medium. Ions of rare-earth metals, such 
as erbium, are typically used as the dopant. The doped fiber is typically pumped by an 
optical pump at a wavelength which is preferentially absorbed by the ions but different from 
the wavelength of the optical signal to be amplified. The pumping results in a population 
inversion of electronic carriers in the active medium. Then, as the optical signal propagates 
through the doped fiber, it is amplified due to stimulated emission. 

One drawback of fiber amplifiers is that they typically can only operate over a narrow 
wavelength range when multiple fiber amplifiers are cascaded. This is especially problematic 
if the optical signal to be amplified covers a^vide range of wavelengths, as would be the case 
if the entire bandwidth of the optical fiber is to be efficiently utilized. Another disadvantage 
of fiber amplifiers is their transient response to channel drop-out in wavelength division 
multiplexing systems. Further problems with fiber amplifiers include their relatively large 
size, slow switching speed, power inefficiency, difficulties in mass producing them, and their 
high cost which makes them prohibitively expensive for many applications. 

Non-lasing semiconductor optical amplifiers (SOAs) are an alternative to fiber 
amplifiers. Non-lasing semiconductor optical amplifiers are typically based on a 
semiconductor laser-like structure which is operated below the lasing threshold. Typically, 
an electrical current pumps the active region of the amplifier, resulting in an increased carrier 
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population. The optical signal then experiences gain as it propagates through the active 
region due to stimulated emission. 

One problem with non-lasing semiconductor optical amplifiers is that the gain 
depends on the amplitude of the optical signal. For example, a strong optical signal will be 
amplified less than a weak signal and strong portions of the optical signal will be amplified 
less than weak portions. This results in distortion of the optical signal and possibly also 
crosstalk between different optical signals propagating simultaneously through the system. 
This problem is the result of gain saturation, in which there are insufficient carriers in the 
conduction band to provide the full amount of gain to higher power signals. 

Lasing semiconductor optical amplifiers can overcome the problem of gain saturation. 
These amplifiers are also based on a semiconductor active region. However, the active 
region is pumped above the lasing threshold. The gain is then clamped due to the lasing 
action and is fairly constant until the amplifier reaches its power limit. 

However, lasing semiconductor optical amplifiers also suffer from inherent 
drawbacks. For example, there is an inherent tradeoff between noise performance and power 
output. If the carrier density at the lasing threshold is high, the amplifier will have good 
noise performance but will have a low saturable power thus limiting its power output. On the 
other hand, an amplifier with a low carrier density at the lasing threshold will be capable of 
large power output but suffer from poor noise performance. This inherent tradeoff makes it 
difficult for a lasing semiconductor optical amplifier to attain both a low noise and a high 
power output. 

Thus, there is a need for an optical amplifier which does not suffer from gain 
saturation and is also capable of both low noise and high power output. 



SUMMARY OF THE INVENTION 

In accordance with the present invention, a multi-stage lasing semiconductor optical 
amplifier (SOA) device for amplifying an optical signal includes at least two SOA stages 
coupled in series. Each SOA stage includes a semiconductor gain medium, a laser cavity 
including the semiconductor gain medium, and a pump input to the semiconductor gain 
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medium. The semiconductor gain medium has an amplifying path along which the optical 
signal to be amplified propagates. The pump input receives a pump which pumps the 
semiconductor gain medium above a lasing threshold for the laser cavity. The onset of lasing 
clamps a gain of the semiconductor gain medium to a gain value which is substantially 
independent of the amplitude of the optical signal and the optical signal is amplified as it 
propagates through the semiconductor gain medium. The SOA stages are characterized by a 
design parameter which varies from stage to stage. The design parameter preferably includes 
a noise figure and a saturable power for each SOA stage, with both parameters increasing 
from stage to stage. 

In a preferred embodiment, the optical signal propagates along the semiconductor 
gain medium, which forms part of a waveguide. The laser cavity in each SOA stage includes 
a first and a second Bragg reflector disposed to form a laser cavity oriented vertically with 
respect to the amplifying path. The reflectivity of the Bragg reflectors increases from stage to 
stage and, accordingly, the noise figure and the saturable power also increase from stage to 
stage. The semiconductor gain medium is pumped by a pump current injected via an 
electrical contact and these preferably are multiple electrical contacts for each SOA stage. 

In further accordance with the invention, a method for amplifying an optical signal 
utilizes a multi-stage lasing semiconductor optical amplifier (SOA) device comprising at least 
two SOA stages, each SOA stage including a semiconductor gain medium and a laser cavity 
including the semiconductor gain medium. The method includes the following steps. The 
optical signal to be amplified is received. For each SOA stage, the optical signal propagates 
along an amplifying path in the semiconductor gain medium. The semiconductor gain 
medium is pumped above a lasing threshold for the laser cavity, whereby a gain of the 
semiconductor gain medium is clamped to a gain value which is substantially independent of 
the amplitude of the optical signal. The optical signal is amplified as it propagates along the 
amplifying path. The amplification is responsive to the gain value of the semiconductor gain 
medium and to a value for a design parameter for each SOA stage. Furthermore, the value of 
the design parameter varies from stage to stage. 

In another aspect of the invention, a varying lasing SOA device for amplifying an 
optical signal includes a semiconductor gain medium, a laser cavity, and a pump input. The 
semiconductor gain medium has an amplifying path and the optical signal is amplified as it 
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propagates along the amplifying path. The laser cavity includes the semiconductor gain 
medium. The laser cavity is off-axis with respect to the amplifying path and varies along the 
amplifying path. The pump input is coupled to the semiconductor gain medium. A pump 
received via the pump input pumps the semiconductor gain medium above a lasing threshold 
for the laser cavity, whereby a gain of the semiconductor gain medium is clamped to a gain 
value which is substantially independent of the amplitude of the optical signal. In a preferred 
embodiment, the noise figure and saturable power for the laser cavity increases 
monotonically along the amplifying path. 

The present invention is particularly advantageous because the use of multiple SOA 
stages characterized by different design parameters and/or the variation of the laser cavity 
along the amplifying path results in increased flexibility in the design of the lasing SOA 
device. For example, by allowing the noise figure and saturable power to vary from stage to 
stage, better noise performance and higher saturable power for the lasing SOA device can be 
achieved. 



BRIEF DESCRIPTIO N OF THE DRAWING 

The invention has other advantages and features which will be more readily apparent 
from the following detailed description of the invention and the appended claims, when take, 
in conjunction with the accompanying drawing, in which: 

FIG. 1 is a diagram of a multi-stage lasing semiconductor optical amplifier (SO A) 1C 
in accordance with the present invention; 

FIG. 2 is a flow diagram illustrating operation of SOA 100; 

FIG. 3A is a graph of noise figure as a function of carrier density at the lasing 
threshold for an SOA; 

FIG. 3B is a graph of lasing power as a function of pump power; 
FIG. 3C is a graph of gain as a function of output power, 
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FIG. 4A is a graph of carrier density at the lasing threshold as a function of distance 
along the amplifying path according to a preferred embodiment of multi-stage SOA 100; 

FIG. 4B is a graph of noise figure along the amplifying path for the same preferred 
embodiment; 

FIG. 4C is a graph of saturable power along the amplifying path for the same 
preferred embodiment; 

FIG. 5A is a perspective view of a multi-stage, vertically lasing semiconductor optical 
amplifier (VLSOA) 500 utilizing mirrors of varying reflectivity according to a preferred 
embodiment of SOA 1 00; 

FIG. 5B is a transverse cross-sectional view of VLSOA 500; 

FIG. 5C is a longitudinal cross-sectional view of VLSOA 500; 

FIG. 6 is a perspective view of a multi-stage VLSOA 600 of varying width according 
to another embodiment of SOA 100; 

FIG. 7 is a perspective view of a multi-stage transverse lasing semiconductor optical 
amplifier (TLSOA) 700 according to an embodiment of SOA 100; 

FIG. 8 is a perspective view of a multi-stage longitudinally lasing semiconductor 
optical amplifier (LLSOA) 800 according to an embodiment of SOA 100; 

FIG. 9 is a perspective view of a continuously flared VLSOA 900 in accordance with 
the present invention; 

FIG. 10A is a perspective view of an asymmetric longitudinally lasing semiconductor 
optical amplifier (LLSOA) 1000 in accordance with the present invention; 

FIG. 10B is a graph of internal laser power as a function of distance along the 
amplifying path for LLSOA 1000; and 

FIG. 10C is a graph of carrier density as a function of distance along the amplifying 
path for LLSOA 1000. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. 1 is a diagram of a multi-stage lasing semiconductor optical amplifier (SOA) 100 
in accordance with the present invention. The SOA 100 includes a number of SOA stages 
1 10A-1 10N (collectively, SOA stages 110). Each SOA stage 1 10 has an input 1 12 and an 
output 1 14 and the SOA stages 1 10 are coupled in series with the output of each SOA stage 
1 10 coupled to the input of the next SOA stage 110. As shown in the detail of SOA stage 
1 10A, each SOA stage 1 10 includes a semiconductor gain medium 120, with an amplifying 
path 130 coupled between the input 1 12 and the output 1 14 of the SOA stage 110 and 
traveling through the semiconductor gain medium 120. Each SOA stage 1 10 further includes 
a laser cavity 140 including the semiconductor gain medium 120, and a pump input 150 
coupled to the semiconductor gain medium 120. The pump input is for receiving a pump to 
pump the semiconductor gain medium 120 above a lasing threshold for the laser cavity 140. 
The SOA stages 1 10 are not identical in that the SOA stages 1 10 may be described by design 
parameters and the value of at least one design parameter differs from stage to stage. This 
results in significant advantages over SOAs which are constructed of identical stages, as will 
be apparent below. 

Overall, the SOA 100 receives an optical signal at the first input 1 12A, amplifies the 
optical signal as it propagates through the SOA 100 along the amplifying paths 130, and 
outputs the amplified optical signal from the last output 1 14N. FIG. 2 is a flow diagram 
illustrating operation of SOA 100 in more detail. The SOA 100 receives 210 an optical 
signal at the input 1 12A of the first SOA stage 1 10A. The optical signal propagates 220 
through the first SOA stage 1 10A along the amplifying path 130A. The pump received at 
pump input 150A pumps 230 the semiconductor gain medium 120A of the first SOA stage 
1 10A above a lasing threshold for the laser cavity 140A. When lasing occurs, the round-trip 
gain offsets the round-trip losses for the laser cavity 140A. In other words, the gain of the 
semiconductor gain medium 120A is clamped to the gain value necessary to offset the round- 
trip losses. The optical signal is amplified 240 according to this gain value as it propagates 
along the amplifying path 130A (i.e., through the semiconductor gain medium 120A). Steps 
220, 230 and 240 are repeated in each SOA stage 1 10, resulting in a finally amplified optical 
signal which exits via the output 1 14N of the last SOA stage HON. 
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Note that the gain experienced by the optical signal as it propagates through each 
SOA stage 1 10 is determined in part by the gain value of the semiconductor gain medium 120 
(it is also determined, for example, by the length of the amplifying path 130) and this gain 
value, in turn, is determined primarily by the lasing threshold for the laser cavity 140. In 
particular, the gain experienced by the optical signal as it propagates through each SOA stage 
1 10 is substantially independent of the amplitude of the optical signal. This is in direct 
contrast to the situation with non-lasing SOAs and overcomes the distortion and crosstalk 
disadvantages typical of non-lasing SOAs. This assumes, of course, that each SOA stage 110 
is operating within its power limits (i.e., that none of the SOA stages 1 10 has reached its 
saturable power limit) as will be further discussed below. 

FIGS. 3A-3C are graphs used to illustrate a preferred embodiment of SOA 100. 
Referring first to FIG. 3 A, this graph shows noise figure (NF) as a function of carrier density 
at the lasing threshold for the SOA stage (N). NF for an SOA stage 1 10 is a measure of the 
noise performance of the stage and is roughly defined as the ratio of the signal-to-noise ratio 
at the input 1 12 of the stage to the signal-to-noise ratio at the output 1 14 of the stage. Noise a ' 
performance may also be measured using other performance metrics, but for clarity and 
consistency, NF will be used throughout this disclosure. It should be noted, however, that the 
invention is not limited to using NF as the noise performance metric. Lower NF indicates 
better noise performance. N is as follows. During operation of the SOA stage 1 10, the pump 
increases the carrier density in the semiconductor gain mediuml20, typically by increasing 
the electron population in the conduction band (e.g., by injecting electrons into the 
conduction band), increasing the hole population in the valence band, or both. The 
recombination of carriers results in the emission of radiation which forms the basis for the 
beam produced by the laser cavity 140. N is the carrier density required to reach the lasing 
threshold for the laser cavity 140 of SOA stage 1 10. NF may be approximated by the 
equation NF = 2 N / (N - N 0 ), where N is the carrier density at the lasing threshold and N 0 is 
the carrier density for the transparency energy state for the semiconductor gain medium 120. 
As shown in FIG. 3A and the previous equation, NF decreases as N increases. In particular, 
an SOA stage 110 which has a higher value of N (e.g., Ni in FIG. 3A) will have a lower NF 
302 A and better noise performance. Conversely, an SOA stage 110 with a lower value of N 
(e.g., N2) will have a higher NF 302B and worse noise performance. 
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FIG. 3B is a graph depicting lasing power as a function of pump power for carrier 
densities Ni and N 2 . The lasing power is the power of the beam produced by the laser cavity 
140, which is not necessarily a laser (e.g., if the laser cavity is operating below the lasing 
threshold). The pump power is the power used to pump the laser cavity 140. The two curves 
31 OA and 31 OB correspond to higher and lower values of N (i.e., Ni and N 2 respectively). In 
both curves, there is a knee 312 which represents the onset of lasing. To the left of this knee 
312, the beam produced by laser cavity 140 is more similar to that produced by an LED. To 
the right of this knee, the beam is a laser beam. Note that the knee 312A for the Ni case 
occurs at a higher pump power than the knee 312B for the N 2 case. Assuming that the same 
pump power 320 is used in both cases, which is common since the pump power is usually 
limited by other factors such as thermal dissipation, this means that the laser power 330A 
produced in the N, case is less than the laser power 330B produced in the N 2 case. 

This, in turn, affects amplification of the optical signal as shown in FIG. 3C, which 
graphs gain as a function of output power for the Ni and N 2 cases. Here, gain is the gain 
experienced by the optical signal as it propagates through an SOA stage 1 10. Output power 
is the power of the amplified signal as it exits the SOA stage 1 10. Both curves 340A (for 
Ni)and 340B (for N 2 ) are similar in shape: essentially flat out to a shoulder 342 (due to the 
gain clamping from the onset of lasing) but rolling off rapidly after the shoulder 342. The 
shoulder 342 represents the power limit for the SOA stage 1 10. It is the point at which so 
much power is directed to amplifying the optical signal that lasing begins to be extinguished. 
Referring again to FIG. 3B, the laser power 330A for the N, case is less than that 330B for 
the N 2 case and so lasing will be extinguished at a lower output power for the N, case. As a 
result, the shoulder 342A for the N, case occurs at a lower output power than for the N 2 case. 
The saturable power (Psat) is defined as the output power at which the gain has rolled off by 
3 dB and is a measure of an output power limit. Analogously to noise performance and NF, 
the output power limit may be measured using performance metrics other than the saturable 
power Psat. However, for clarity and consistency, Psat will be used throughout this 
disclosure but the invention is not limited to using Psat as the metric for output power limit. 
The saturable power 344A for the N, case is less than that 344B for the N 2 case, meaning that 
the N 2 case can output a higher power amplified optical signal than the N, case. Note that the 
saturable power 344 for an SOA stage 1 10 may be selected by selecting an appropriate value 
of N. In other words, the saturable power is a design parameter; whereas it typically is not 
for non-lasing SOAs. This is a significant advantage, as will be seen. 
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Considering FIGS. 3A-3C together reveals an inherent tradeoff. Good noise 
performance requires a high N (e.g., Nj) but high power output requires a low N (e.g., N2). A 
single SOA stage cannot achieve both. However, the situation may be improved by a multi- 
stage SOA 100 as further described below. 

FIGS. 4A-4C are graphs illustrating a preferred embodiment of multi-stage SOA 100 
which overcomes this inherent tradeoff. In each of these figures, the independent variable x 
is the distance along the amplifying path through the multi-stage SOA 100. In this 
embodiment, N is a design parameter of each SOA stage 1 1 0 and each stage 1 10 is designed 
to have a successively lower value of N as shown in FIG. 4 A. As a result, successive SOA 
stages have increasingly worse noise performance, as shown in FIG. 4B, but increasingly 
higher saturable power, as shown in FIG. 4C. The first SOA stage 1 1 OA has the highest 
value of N, resulting in the best noise performance 410A but the lowest saturable power 
420A. The low saturable power, however, is not detrimental because the first SOA stage 
1 1 OA is early in the amplification chain so the optical signal output by this stage 1 10A does 
not require a high saturable power. Conversely, the good noise performance is a distinct 
advantage since noise introduced in this early SOA stage 1 10A will be amplified by later 
stages 1 10B-1 10N. Similarly, the last SOA stage 1 10N has the lowest N, resulting in the 
worst noise performance 4 10N and the highest saturable power 420N. For the last stage 
1 10N, the poor noise performance is less of a concern since there are no subsequent stages to 
amplify the noise introduced in this stage 1 10N. The high saturable power, however, is a 
distinct advantage since the last stage 1 10N outputs the highest power optical signal. 

By comparison, a single stage SOA would require the N of the last stage 1 10N in 
order to achieve the same saturable power 420N (or the same overall gain assuming the 
incoming optical signals were of the same strength) as the multi-stage SOA 100. However, 
this choice of N would result in the noise figure 410N over the entire amplifying path, 
resulting in worse noise performance. In other words, the preferred embodiment of 
FIGS. 4A-4C can achieve both good noise performance and high output power compared to 
the single stage SOA (or a multi-stage SOA in which all the stages are identical). 

The design parameter N of the various SOA stages 110 may be selected in a variety of 
ways. In a preferred approach, the first SOA stage 1 1 OA is designed to maximize the value 
of N in order to optimize the noise performance 41 OA of this stage. For a given design for 
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the first SOA stage 1 10A, fixing the value of N also fixes the saturable power420A, thus 
determining the maximum power which may be output by the first SOA stage 1 1 OA. The 
amplitude of the incoming signal is typically determined by the application for which the 
SOA stage 1 1 OA is intended. The length of the first SOA stage 1 1 OA is selected so that the 
maximum overall gain can be achieved by the low-noise first SOA stage 1 10A but ensuring 
that, after amplification, the incoming signal does not exceed the saturable power for the 
stage. The carrier density N for the last stage 1 ION is selected so that the saturable power 
420N meets the output power requirement for the overall multi-stage SOA. The low value of 
N, however, will lead to poor noise performance in this last stage 1 ION. Therefore, it is 
desirable to limit the length (and overall gain) of this last stage. Intermediate stages are 
selected to fill in the gap in the amplification chain between the first stage 1 10A and last 
stage HON. 

As a numerical example, consider a multi-stage SOA 100 which is designed for a 30 
dB gain (i.e., xlOOO amplification) and a 50 mW output. This means that the incoming 
optical signal will have a power of 50 \iW or below. The first SOA stage 1 10A is selected to 
have a high value of N, say N = 3 N 0 . The value of N is typically limited by considerations 
such as thermal effects. The resulting noise figure is NF = 2 N / (N - N 0 ) = 3 and assume that 
the corresponding saturable power is 1 mW. To stay within the 1 mW saturable power limit 
for the first SOA stage 1 10A, the incoming 50 uW optical signal cannot be amplified by 
more than x20. To be conservative, the length of the first SOA stage 1 1 OA is selected so that 
the overall gain is xlO, or 10 dB, resulting in a maximum output power for the first SOA 
stage 1 10A of 0.5 mW. For the last SOA stage HON, assume that a saturable power of 50 
mW may be achieved with a value of N = 1 .3 N 0 , with a resulting noise figure of 
approximately NF = 9. In order to limit the impact of the poor noise figure, the gain of the 
last stage 1 10N is limited to 5 dB, or x3. The intermediate stage(s) must then amplify a 0.5 
mW input into a 17 mW output, for an overall gain of 15 dB or x30. This may be achieved in 
multiple stages (e.g., three stages of 5dB each), but for simplicity assume a single 
intermediate stage. Further assume that N = 1 .7 N 0 is required to achieve the 1 7 mW output. 
The resulting noise figure for this stage would then be approximately NF = 5. The overall 
noise figure for the multi-stage SOA may be approximated by the Friis equation: 

NF = NF, + (NF 2 -2)/(G,) + (NF 3 -2)/(G,*G 2 ) + . . . ( E 1 n - V 
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where NF is the overall noise figure for the multi-stage SOA, NF X is the noise figure for stage 
x (stage 1 being the first stage), and G x is the gain for stage x. Applying this equation yields 
NF = 3 + (5-2)/10 + (9-2)/(10*30) = 3.5 for the above example. By comparison, a single 
stage SOA with the same 30 dB gain and 50 mW output power would require N = 1 .3 N 0 for 
the entire length of the device, resulting in an overall noise figure of NF = 9, significantly 
higher than the multi-stage SOA value of NF = 3.5. 

The preferred embodiment described above has been described with respect to 
variations in the carrier density N. However, it will be apparent that these variations can be 
achieved using a number of other design parameters. For example, N is the carrier density at 
the lasing threshold. That is, N is the carrier density necessary to achieve the gain required to 
offset round-trip losses in the laser cavity 140. Hence, if the losses are increased, then the 
required gain will also increase, resulting in a higher N. Losses may be due to a variety of 
factors, including the reflectivity of mirrors forming the laser cavity, diffraction losses, losses 
due to scattering, and absorption losses; and various design parameters may be varied to 
affect these losses. Alternately, changes in the laser cavity design may also be used to affect 
N. For example, increasing the round-trip optical path length in the laser cavity, while 
keeping all losses the same, will decrease N. As a final example, non-lasing SOAs may be 
appropriate for the early, low-power stages 1 10 since the power requirements for these early 
stages may be low enough to avoid the problematic gain saturation effects characteristic of 
non-lasing SOAs. FIGS. 5-8 illustrate some examples in accordance with the present 
invention. FIG. 5B shall be discussed in greater detail and depth and generally shows greater 
detail than the other figures, but it is to be understood that the principles discussed with 
respect to FIG. 5B also apply to the remaining figures. 

FIGS. 5A-5C are a perspective view, transverse cross-section, and longitudinal cross- 
section, respectively, of a preferred embodiment of multi-stage SOA 100, with FIG. 5B 
showing the most detail. This embodiment is a vertical lasing semiconductor optical 
amplifier (VLSOA) 500, meaning that the laser cavity 140 is oriented vertically with respect 
to the amplifying path 130. The VLSOA 500 is long in the longitudinal direction, allowing 
for a long amplifying path 130 and, therefore, more amplification. The SOA stages 1 10 are 
contiguous to each other (see FIG. 5C) and the entire VLSOA 500 is an integral structure 
formed on a single substrate 502. This allows all of the SOA stages 1 10 to be fabricated 
simultaneously using standard semiconductor fabrication techniques, preferably including 
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organo-metallic vapor phase epitaxy (OMVPE) or organometallic chemical vapor deposition 
(OMCVD). Other common fabrication techniques include molecular beam epitaxy (MBE), 
liquid phase epitaxy (LPE), photolithography, e-beam evaporation, sputter deposition, wet 
and dry etching, wafer bonding, ion implantation, wet oxidation, and rapid thermal annealing, 
among others. 

Since the SOA stages 1 10 are contiguous, the inputs 1 12 and outputs 114 between 
stages 110 correspond to the boundaries between the SOA stages 1 10 but there are no 
separate physical structures which correspond to these inputs 1 12 and outputs 1 14. For 
example, a single integral semiconductor gain medium 120 (i.e. 504) is used for all SOA 
stages 1 10 and each SOA stage 1 10 simply utilizes a different section of the semiconductor 
gain medium, as shown in FIG. 5C. The semiconductor gain media for the different SOA 
stages 1 10 are not physically separated into distinct pieces in this embodiment. 

Referring to FIG. 5B and working away from the substrate 502, each SOA stage 
within VLSOA 500 includes a bottom mirror 508, bottom cladding 505, an active region 504, 
top cladding 507, blocking layer 509 (which forms aperture 515), electrical contact 510, and 
a top mirror 506. In addition, a second electrical contact 5 1 1 is formed on the reverse side of 
substrate 502. Comparing to FIG. 1, the semiconductor gain medium 120 includes the active 
region 504 and the laser cavity 140 is formed primarily by the two mirrors 506 and 508 and 
the active region 504. This embodiment is electrically pumped so the pump input 150 
includes the electrical contacts 510,51 1. The optical signal amplified by the VLSOA 500 is 
confined in the vertical direction by index differences between bottom cladding 505, active 
region 504, and top cladding 507; and is confined in the transverse direction by index 
differences between the blocking layer 509 and the resulting aperture 515. As a result, the 
optical signal to be amplified is generally concentrated in dashed region 521, and the 
amplifying path 130 is through the active region 504 in the direction out of the plane of the 
paper with respect to FIG. 5B. 

The active region 504 may comprise a multiple quantum well (MQW) active region. 
MQW structures include several quantum wells and quantum wells have the advantage of 
enabling the formation of lasers with relatively low threshold currents. Quantum wells may 
be fabricated using various materials systems, including for example InAlGaAs on InP 
substrates, InGaAsP on InP, GalnNAs on GaAs, InGaAs on ternary substrates, and GaAsSb 
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on GaAs. A preferred embodiment uses InAlGaAs grown on an InP substrate. GaAs, 
InGaAs, or InAlGaAs on GaAs; or nitride material systems may also be suitable. 
Alternatively, the active region 504 may comprise a single quantum well or a double- 
heterostructure active region. The choice of materials system will depend in part on the 
wavelength of the optical signal to be amplified, which in turn will depend on the application. 
Wavelengths in the approximately 1.5-1.6 micron, 1.28-1.35 micron, and 1.4-1.5 micron 
regions are currently preferred for telecommunications applications. The 1.28-1.35 micron 
region is currently also preferred for data communications over single mode fiber, with the 
approximately 0.8- 1 . 1 micron region being an alternate wavelength region. 

The mirrors 506 and 508 may comprise Bragg reflectors or other types of mirrors and 
typically have reflectivies in the range of approximately 95-100%. Bragg reflectors are 
formed by periodic variations of the index of refraction of a medium and can be highly 
reflective. For example, the Bragg reflector may comprise alternating layers of thicknesses 
di and d2 and refractive indices ni and n2 such that nidi + n2d2 = X/2, where X is the 
wavelength to be reflected. The reflectivity R = {[1 - (ni/n 2 ) 2N ]/(l + (ni/n 2 ) 2N ]} 2 , where N is 
the number of periods (pairs) in the Bragg reflector. Reflectivities as high as 99% or more 
may be achieved. Bragg reflectors may be fabricated using various materials systems, such 
as, for example, alternating layers of GaAs and AlAs, or alternating layers of Si0 2 and Ti0 2 . 
In a preferred embodiment, mirror 508 is a Bragg reflector formed by either alternating layers 
of InAlGaAs and InAlAs, or alternating layers of GaAs and AlGaAs; and mirror 506 is a 
hybrid mirror, which combines a number of layers of a Bragg reflector 512 (specifically, 
alternating layers of Si and Si0 2 ) followed by a metallic mirror 514 (specifically, gold). 
Blocking layer 509 is a lower index of refraction than aperture 515. Hence, the effective 
cross-sectional size of laser cavity 140 is determined in part by aperture 515. 

The electrical contacts 510,5 1 1 are metals that form an ohmic contact with the 
semiconductor material. Commonly used metals include titanium, platinum, nickel, 
germanium, gold, and aluminum. In this embodiment, the laser cavity is electrically pumped 
by injecting a pump current via the electrical contacts 510,51 1 into the active region 504. In 
particular, contact 510 is a p-type contact to inject holes into active region 504, and contact 
51 1 is an n-type contact to inject electrons into active region 504. Blocking layer 509 is 
current blocking, thus channeling the pump current through aperture 515. This increases the 
spatial overlap with optical signal 521 . Each SOA stage 1 10 has a separate electrical contact 
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510 and so may be independently pumped and, in fact, each SO A stage 110 preferably has a 
number of isolated electrical contacts 510 to allow for independent pumping within the stage. 
This is advantageous because in this embodiment, each SOA stage 1 10 is long in the 
longitudinal direction and independent pumping allows, for example, different voltages to be 
maintained at different points along the SOA stage. For example, later stages 1 1 0 may 
require higher pump powers in order to achieve higher output powers; earlier stages may 
require higher current densities in order to achieve higher carrier densities. Alternately, the 
contacts 510 may be doped to have a finite resistance or may be separated by finite 
resistances, rather than electrically isolated. In alternate embodiments, the SOA stages 1 10 
may be optically pumped, in which case the electrical contacts 510,51 1 would be replaced by 
optical inputs (which could be as simple as facets of the active region 504). 

The SOA stages 110 differ in that the round-trip reflectivities of the top and bottom 
mirrors 506 and 508 differ from stage to stage. In particular, the mirrors 506,508 of the first 
SOA stage 11 OA have the lowest round-trip reflectivity and the mirrors 506,508 of each 
subsequent SOA stage 110 have an increasingly higher round-trip reflectivity. In the 
previously described embodiment which uses hybrid Bragg/metal mirrors 506, the number of 
layers in the Bragg portion of the top mirror 506 increases from stage 1 1 OA to stage 1 10N, 
thus increasing the reflectivity of the top mirror 506. As the mirror reflectivities increase 
from stage to stage, this means that the round-trip losses for the laser cavities 140 decrease 
from stage to stage. This, in turn, means that the round-trip gain required to reach the lasing 
threshold decreases from stage to stage and that the carrier density N at the lasing threshold 
also decreases from stage to stage. This is precisely the situation depicted in FIGS. 4A-4C 
and VLSOA 500 functions as described with respect to FIGS. 4A-4C. 

More specifically, referring again to FIG. 2, each SOA stage 1 10 of VLSOA 500 
operates as follows. The active region 504 is pumped 230 so that the carrier density in the 
semiconductor gain material 120 increases. The pumping is performed at a sufficiently high 
level such that a lasing threshold of a mode of the vertical cavity 140 is exceeded and laser 
radiation is generated by the vertical cavity 140. This laser radiation may be emitted from the 
vertical cavity, for example, through the top surface 520 or into the substrate 502 or it may be 
generated but not actually emitted from the stage 110. The laser radiation may lie in the 
visible light range, infrared range, ultraviolet range, or any other frequency range. 
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While the laser cavity 140 is operating above the lasing threshold, an optical signal 
received from the previous SOA stage 110 propagates 220 along the amplifying path 130 for 
the current SOA stage 1 10. As the optical signal propagates 220 through the active region 
504, the optical signal is amplified 240 by a gain multiplier due to stimulated emission of 
additional photons. The gain multiplier is substantially constant (i.e., independent of the 
amplitude of the optical signal) because the laser radiation produced by laser cavity 140 acts 
as a ballast to prevent gain saturation. When the optical signal is weaker, less additional 
photons are stimulated by the optical signal, but more laser radiation is generated. When the 
optical signal is stronger, more additional photons are stimulated by the optical signal, but 
less laser radiation is generated. Typically, the value of the constant gain multiplier is 
inversely proportional to the loss of the cavity mirrors 506 and 508. For example, if a 0.2% 
loss (99.8% reflectivity) results in a gain of 10 dB (10 times), then a three times larger 0.6% 
loss (99.4% reflectivity) would result in a three times larger logarithmic gain of 30 dB (1000 
times) for otherwise identical stages 110. 

FIG. 6 is a perspective view of a multi-stage VLSOA 600 of varying width according*" 
to another embodiment of SOA 100. VLSOA 600 is similar to VLSOA 500 with components 
602-608 corresponding to components 502-508 of VLSOA 500, but with the following 
differences. First, the reflectivities of the mirrors 506,508 of VLSOA 500 varied from stage 
to stage; whereas they do not in VLSOA 600. Second, the width of each SOA stage 1 10 of 
VLSOA 500 was constant; whereas each SOA stage 1 10 of VLSOA 600 becomes 
progressively wider. In particular, the first SOA stage 1 10A (and the effective cross-section 
of laser cavity 140A) is the narrowest while the effective cross-section of the laser cavity 140 ? 
of each subsequent SOA stage 1 10 is increasingly wider. This means that the round-trip 
diffraction losses for the laser cavities 140 decrease from stage to stage. This, in turn, means 
that the round-trip gain required to reach the lasing threshold decreases from stage to stage 
and that the carrier density N during lasing also decreases from stage to stage. This is again 
the situation depicted in FIGS. 4A-4C and VLSOA 600 functions as described with respect to 
FIGS. 4A-4C. As explained previously, the later stages 1 10 of VLSOA 600 are able to 
support higher output powers because the saturable power increases with the decreasing 
carrier density N. The increasing width also results in higher output powers because later 
stages are simply larger in cross-sectional area. In an alternate embodiment, the physical 
width of each SOA stage 1 10 is constant from stage to stage, but the size of aperture 515 
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increases from stage to stage, thus increasing the effective cross-section of each laser cavity 



140. 



FIGS. 5 and 6 depict two embodiments in accordance with the preferred embodiment 
of FIGS. 4A-4C. Other embodiments will be apparent. For example, any approaches for 
varying the round-trip losses in the laser cavity 140 will also result in variations of the carrier 
density N at the lasing threshold and, therefore, can be used to implement the preferred 
embodiment of FIGS. 4A-4C. Co-pending U.S. Patent Application Serial No. 09/273,813, 
"Tunable-gain Lasing Semiconductor Optical Amplifier," discloses a number of such 
approaches. For example, referring again to FIG. 5B, the reflectivity of either top mirror 506 
or bottom mirror 508 may be adjusted by ion implantation, by temperature adjustment, by an 
applied voltage, by mechanical deformation of the mirror, by tilting the mirror, by 
horizontally displacing the mirror, or by some other mechanism. As another example, an 
absorptive layer, such as a liquid crystal layer, may be introduced into the laser cavity 140, 
with the absorption varying from stage to stage; or ion implantation may be used to adjust the 
absorption or scattering within the laser cavity 140. Alternately, aperture 5 15 may be moved 
in the vertical direction to vary the amount of aperturing or scattering introduced. For 
example, if aperture 515 is located at a null of the dominant mode for laser cavity 140, its 
effect will be minimized, whereas placing aperture 515 at an anti-null will maximize its 
effect. These techniques may also be used in combination. Furthermore, the adjustment 
mechanism may be dynamically adjustable, thus allowing for real-time adjustment of SOA 
100. 

FIG. 7 is a perspective view of a multi-stage transverse lasing semiconductor optical 
amplifier (TLSOA) according to an embodiment of SOA 100. In the multi-stage TLSOA 
700, each SOA stage 110 includes a laser cavity 140 oriented transversely with respect to the 
amplifying path 130. The laser cavity 140 includes an active region 704 disposed between a 
right cavity mirror 706 and a left cavity mirror 708. The active region 704 is pumped such 
that a lasing threshold of the transverse cavity 140 is surpassed. As a result, the laser cavity 
140 generates laser radiation and clamps the gain of the active region 704 to a value which is 
essentially constant. The optical signal propagating along the amplifying path 1 30 is 
amplified as its passes through the active region 704. 
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The SOA stages 1 1 0 of TLSOA 700 differ in that the mirror reflectivities increase 
from stage 1 1 OA to stage 1 ION. As a result, the carrier density N at the lasing threshold 
decreases from stage 1 10A to stage 1 ION, which is the situation depicted in FIGS. 4A-4C 
and TLSOA 700 functions as described with respect to FIGS. 4A-4C. The multi-stage 
TLSOA 700 in FIG. 7 is analogous to the multi-stage VLSOA 500 in FIG. 5, and the 
previous description of alternate embodiments for VLSOA 500 (and 600) also applies to 
TLSOA 700. 

FIG. 8 is a perspective view of a multi-stage longitudinally lasing semiconductor 
optical amplifier (LLSOA) 800 according to an embodiment of SOA 100. In the multi-stage 
LLSOA 800, each SOA stage 1 10 includes a laser cavity 140 oriented longitudinally with 
respect to the amplifying path 130. In other words, unlike the VLSOA and TLSOA designs, 
the laser cavity in LLSOA 800 is not off-axis with respect to the amplifying path. Rather, the 
laser cavity is aligned with the amplifying path 1 30. The laser cavity 140 includes an active 
region 804 disposed between a first cavity mirror 806 and a second cavity mirror 808. The 
active region 804 is pumped such that a lasing threshold of the longitudinal cavity 140 is * 
surpassed. As a result, the laser cavity 140 generates laser radiation and clamps the gain of 
the active region 804 to a value which is essentially constant. The optical signal propagating 
along the amplifying path 130 is amplified as its passes through the active region 804. 

As with VLSOA 500 and TLSOA 700, the SOA stages 110 of LLSOA 800 differ in 
that the mirror reflectivities increase from stage 1 1 OA to stage 1 10N and LLSOA 800 
functions as described with respect to FIGS. 4A-4C. The mirror reflectivities for LLSOA 
800, however, are typically much lower than those for VLSOA 500 and TLSOA 700 due to 
the longitudinal design. Values of 1-20% reflectivity are typical for LLSOA 800, as 
compared to 95-100% for VLSOA 500 and TLSOA 700. In addition, the mirrors 806,808 for 
LLSOA 800 typically must be more wavelength selective so that, for example, the optical 
signal to be amplified is not reflected by the mirrors 806,808 and so only makes a single pass 
through LLSOA 800. Again, alternate embodiments will be apparent, as discussed . 
previously with respect to for VLSOAs 500 and 600 and TLSOA 700 and also as disclosed in 
co-pending U.S. Patent Application Serial No. 09/273,813, "Tunable-gain Lasing 
Semiconductor Optical Amplifier." 
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As another alternative to the embodiments shown in FIGS. 1-8, the various SOA 
stages 1 1 0 may be optically isolated from each other in order to prevent propagation of 
signals, including amplified spontaneous emission, in the reverse direction (i.e., from stage 
HON to 1 10A). For example, without such isolators, signals generated in any SOA stage 110 
may propagate backwards to earlier SOA stages 1 10, being amplified along the way. When 
the amplified signal reaches the earlier SOA stage 1 10, which is designed for lower power in 
the preferred embodiment of FIG: 4, the unwanted signal may exceed the saturable power 
limit for that stage and thus prevent the stage from operating correctly. Even if it does not 
exceed the saturable power limit, the unwanted signal will degrade the performance of the 
earlier stage 1 1 0 since some of the output power budget for that stage will be used by the 
unwanted signal rather than directed toward amplifying the desired signal. Optical isolators 
which prevent or reduce this backwards propagation will alleviate this problem. For 
example, each SOA stage 110 may be implemented on a separate chip, with bulk isolators 
inserted between the chips. Alternately, the isolators may be integrated with the SOA stages 
1 1 0 or the SOA stages 1 1 0 themselves may be designed to minimize this effect. 

FIGS. 1-8 describe SOAs which consist of a number of discrete stages, with a design 
parameter varying from stage to stage. In alternate embodiments, the design parameter or the 
laser cavity varies continuously along the amplifying path rather than discretely in stages. 
For example, FIG. 9 is a perspective view of a continuously flared VLSOA 900 in 
accordance with the present invention. This is a variation of multi-stage VLSOA 600, with 
components 902-908 of VLSOA 900 corresponding to components 602-608 of VLSOA 600. 
However, rather than having separates SOA stages 110, each of which becomes progressively 
wider as in VLSOA 600, VLSOA 900 gradually becomes wider as the optical signal 
propagates from input to output. Alternately, VLSOA 900 may be thought of as a version of 
VLSOA 600 in which there are an infinite number of infinitesimally thin SOA stages 110. 
Each point along the amplifying path 130 may then be characterized by the design parameter, 
which varies along the amplifying path. For example, the increasing width of VLSOA 900 
means that the diffraction loss decreases, the carrier density N decreases, the noise figure 
increases, and the saturable power increases along the amplifying path 130. In addition, the 
gradual increase in width typically is advantageous for changing the width of a single mode 
optical signal. The taper typically is less likely to excite secondary modes or to result in 
unwanted intensity fluctuations (e.g., filament ation). In contrast, the multi-stage design 600 
is more likely to excite secondary modes due to the abrupt changes in width and increased 
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scattering at these boundaries. The tapering also favors forward propagation over backward 
propagation, thus providing a limited amount of isolation in the backward direction. This 
concept of continuous variation along the amplifying path, rather than discretely in stages, 
may also be applied to the other SOAs described above. 

FIG. 1 OA is a perspective view of another continuously varying SOA. Here, a 
longitudinally lasing semiconductor optical amplifier (LLSOA) 1000 includes a laser cavity 
140 oriented longitudinally with respect to the amplifying path 130. The laser cavity 140 
includes an active region 1004 disposed between first and second cavity mirrors 1006 and 
1008, which preferably are wavelength selective like the mirrors 806,808 for LLSOA 800. 
The active region 1004 is pumped such that a lasing threshold of the longitudinal cavity 140 
is surpassed. The optical signal propagating along the amplifying path 130 is amplified as its 
passes through the active region 1004. In this particular embodiment, however, the 
reflectivity of mirror 1006 is greater than that of mirror 1008. For example, if a round trip 
reflectivity of 0.36% were required, rather than having two mirrors each with a reflectivity of 
6%, LLSOA 1000 might have a first mirror 1006 with a reflectivity of 18% and a second 
mirror 1008 with a reflectivity of 2%. 

FIG. 1 0B is a graph of internal laser power as a function of distance along the 
amplifying path for LLSOA 1000. Curve 1020 shows the power of the optical field 
propagating in the forward direction (i.e., from mirror 1006 to mirror 1008), curve 1030 
shows the power of the field propagating in the reverse direction, and curve 1040 shows the 
sum of the two fields which is the total power of the lasing mode. Beginning with point 1021 
on curve 1020, the field propagates in the forward direction and is amplified to reach a 
strength of 1022 at the end of laser cavity 140. In this embodiment, 2% of this is reflected by 
mirror 1008 (i.e., point 1031 is 2% of point 1022) and the reflected wave propagates 
backwards building to a strength of 1032. At mirror 1006, 18% of this is reflected to yield 
point 1021. Curve 1040 is the sum of curves 1020 and 1030. Due to the asymmetry in the 
reflectivities of mirrors 1006 and 1008, curve 1040 is also asymmetric with a higher power 
1042 at the output of LLSOA 1000 and a lower power 1041 at the input. 

FIG. 10C is a graph of carrier density N as a function of distance along the amplifying 
path for LLSOA 1000. N is inversely related to the power 1040. As power 1040 increases, 
N decreases so that, for example, N 1051 at the input of LLSOA 1000 is higher than N 1052 
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at the output because the power 1041 at the input is lower than the power 1042 at the output. 
The carrier density N in FIG. IOC is similar to that in FIG. 4 A in that N generally decreases 
along the amplifying path 130. Of course, in FIG. 4A the decrease occurs over several stages 
whereas it occurs within a single SOA 1000 in FIG. 10C. The net effect, however, is similar. 
In particular, for the same reasons given in connection with FIG. 4, LLSOA 1000 will have 
better noise performance and higher output powers than, for example, an LLSOA in which 
mirrors 1006,1008 have the same reflectivity. More specifically, if mirrors 1006,1008 had 
the same reflectivity, then N 1051 and N 1052 would have the same value with N reaching a 
maximum value in the middle of the laser cavity. The low N 1051 at the input means that 
this portion of LLSOA 1000 will have poor noise performance, which is especially 
detrimental since noise introduced in this early portion will be amplified as it propagates 
through LLSOA 1000. Again, alternate embodiments will be apparent, as discussed with 
respect to the previous embodiments. 

The above description is included to illustrate the operation of the various 
embodiments of the present invention and is not meant to limit the scope of the invention. 
From the above description, many variations will be apparent to one skilled in the art that 
would yet be encompassed by the spirit and scope of the invention. For example, the 
principles described above may also be applied to rare-earth waveguide amplifiers, including 
those based on erbium, praseodymium, neodymium, and thulium. The scope of the invention 
is to be limited only by the following claims. 
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WHAT IS CLAIMED IS: 

1 . A multi-stage lasing semiconductor optical amplifier (SOA) device for amplifying an 
optical signal, the device comprising: 

a first SOA stage having an input and an output; 

a second SOA stage having an input and an output, the input of the second SOA stage 

coupled to the output of the first SOA stage; 
wherein each SOA stage comprises: 

a semiconductor gain medium having an amplifying path coupled between the 
input and the output of the SOA stage for amplifying an optical signal 
propagating along the amplifying path; 
a laser cavity including the semiconductor gain medium; and 
a pump input to the semiconductor gain medium for receiving a pump to pump 
the semiconductor gain medium above a lasing threshold for the laser 
cavity, whereby a gain of the semiconductor gain medium is clamped 
to a gain value which is substantially independent of an amplitude of 
the optical signal propagating along the amplifying path; and 
wherein a value of a design parameter for the first SOA stage is different from a value 
of the design parameter for the second SOA stage. 

2. The device of claim 1 wherein: 

the design parameter includes a noise figure for the SOA stage; and 
the noise figure for the first SOA stage is less than the noise figure for the second 
SOA stage. 

3. The device of claim 1 wherein: 

the design parameter includes a carrier density at a lasing threshold for the laser cavity 

of the SOA stage; and 
the carrier density at the lasing threshold of the first SOA stage is greater than the 

carrier density at the lasing threshold of the second SOA stage. 

4. The device of claim 1 wherein: 

the design parameter includes a saturable power of the SOA stage; and 
the saturable power of the first SOA stage is less than the saturable power of the 
second SOA stage. 

22 



WO 01/28049 



PCT/USOO/27994 



5. The device of claim 1 wherein: 

the design parameter includes a round-trip loss for the laser cavity of the SOA stage; 

and 

the round-trip loss for the laser cavity of the first SOA stage is greater than the round- 
trip loss for the laser cavity of the second SOA stage.6. The device of 
claim 1 wherein: 

the multi-stage lasing SOA device is characterized by an overall gain and an overall 
saturable power; and 

the variation of the design parameter between the first SOA stage and the second SOA 
stage results in better noise performance relative to a single-stage lasing SOA 
device with the same overall gain and the same overall saturable power but a 
constant value for the design parameter. 

7. The device of claim 1 wherein the multi-stage lasing SOA device is an integral 
structure. 

8. The device of claim 7 further comprising a single substrate for mechanically 
supporting the semiconductor gain medium, laser cavity, and pump input of each SOA stage. 

9. The device of claim 1 wherein the multi-stage lasing SOA device is for amplifying 
optical signals having a wavelength in a range of about 1 .2 to 1 J microns. 

10. The device of claim 1 wherein the value for the design parameter is dynamically 
variable. 

11. The device of claim 1 wherein the laser cavity in each SOA stage is oriented off-axis 
with respect to the amplifying path. 

12. The device of claim 1 1 wherein the semiconductor gain medium for each SOA stage 
comprises a different section of an integral semiconductor gain medium. 

1 3 . The device of claim 1 1 wherein: 

the design parameter includes a round-trip reflectivity for the laser cavity of the SOA 
stage; and 

the round-trip reflectivity of the first SOA stage is less than the round-trip reflectivity 
of the second SOA stage. 
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14. The device of claim 1 1 wherein the laser cavity in each SOA stage is oriented 
vertically with respect to the amplifying path. 

15. The device of claim 14 wherein: 

the design parameter includes a noise figure for the SOA stage; and 
the noise figure for the first SOA stage is less than the noise figure for the second 
SOA stage. 

1 6. The device of claim 1 4 wherein: 

the design parameter includes a saturable power of the SOA stage; and 
the saturable power of the first SOA stage is less than the saturable power of the 
second SOA stage. 

1 7. The device of claim 1 4 wherein: 

the multi-stage lasing SOA device is characterized by an overall gain and an overall 
saturable power; and 

the variation of the design parameter between the first SOA stage and the second SOA 
stage results in better noise performance relative to a single-stage lasing SOA 
device with the same overall gain and the same overall saturable power but a 
constant value for the design parameter. 

1 8. The device of claim 1 4 wherein: 

each laser cavity comprises a Bragg reflector having a number of layers; 

the design parameter includes the number of layers in the Bragg reflector of the laser 

cavity for the SOA stage; and 
the number of layers in the Bragg reflector for the first SOA stage is less than the 

number of layers in the Bragg reflector for the second SOA stage. 

1 9. The device of claim 1 4 wherein: 

the design parameter includes a cross-sectional size of the laser cavity for the SOA 
stage; and 

the cross-sectional size for the laser cavity of the first SOA stage is less than the 
cross-sectional size for the laser cavity of the second SOA stage. 

20. The device of claim 14 wherein the semiconductor gain medium comprises a material 
from the InAlAs/InGaAs system of materials. 
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21. The device of claim 14 wherein: 

the pump input for each SOA stage comprises an electrical contact for injecting a 

pump current into the semiconductor gain medium; and 
the electrical contacts for each SOA stage are separated from each other. 

22. The device of claim 14 wherein the multi-stage lasing SOA device is for amplifying 
optical signals having a wavelength in a range of about 1 .2 to 1 .7 microns. 

23. The device of claim 14 wherein: 

the design parameter for each SOA stage includes a noise figure and a saturable 

power for the SOA stage; 
the semiconductor gain medium forms a portion of a waveguide for the optical signal 

propagating along the amplifying path; 
the pump input comprises an electrical contact for injecting a pump current into the 

semiconductor gain medium; 
each laser cavity comprises a first and a second Bragg reflector disposed to form a 

laser cavity oriented vertically with respect to the amplifying path; 
the design parameter includes a reflectivity of the Bragg reflectors for the SOA stage; 

and 

a reflectivity of the Bragg reflectors of the first SOA stage is less than a reflectivity of 
the Bragg reflectors of the second SOA stage, wherein the noise figure for the 
first SOA stage is less than the noise figure for the second SOA stage and the 
saturable power of the first SOA stage is less than the saturable power of the 
second SOA stage. 

24. The device of claim 1 further comprising an optical isolator coupled between the first 
SOA stage and the second SOA stage. 

25. A varying lasing semiconductor optical amplifier (SOA) device for amplifying an 
optical signal, the device comprising: 

an input for receiving the optical signal; 

an output for transmitting an amplified version of the optical signal; 

a semiconductor gain medium having an amplifying path coupled between the input 

and the output for amplifying the optical signal propagating along the 

amplifying path; 
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a laser cavity including the semiconductor gain medium; 

a pump input coupled to the semiconductor gain medium for receiving a pump to 
pump the semiconductor gain medium above a lasing threshold for the laser 
cavity, whereby a gain of the semiconductor gain medium is clamped to a gain 
value which is substantially independent of an amplitude of the optical signal 
propagating along the amplifying path; and 

wherein each point along the amplifying path is characterized by a design parameter 
which varies along the amplifying path. 

26. The device of claim 25 wherein the laser cavity is off-axis with respect to the 
amplifying path. 

27. The device of claim 26 wherein 

the design parameter includes a noise figure; and 
the noise figure increases along the amplifying path. 

28. The device of claim 26 wherein: 

the design parameter includes a carrier density at a lasing threshold; and 

the carrier density at the lasing threshold decreases along the amplifying path. 

29. The device of claim 26 wherein: 

the design parameter includes a saturable power; and 
the saturable power increases along the amplifying path. 

30. The device of claim 26 wherein: 

the design parameter includes a round-trip loss for the laser cavity; and 
the round-trip loss decreases along the amplifying path. 

3 1 . The device of claim 30 wherein: 

the design parameter includes a round-trip reflectivity for the laser cavity; and 
the round-trip reflectivity increases along the amplifying path. 

32. The device of claim 26 wherein: 

the varying lasing SOA device is characterized by an overall gain and an overall 
saturable power; and 
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the variation of the design parameter along the amplifying path results in better noise 
performance relative to a non-varying lasing SOA device with the same 
overall gain and the same overall saturable power but in which the design 
parameter does not vary along the amplifying path. 

33. The device of claim 26 wherein the varying lasing SOA device is for amplifying 
optical signals having a wavelength in a range of about 1.2 to 1.7 microns. 

34. The device of claim 26 wherein the pump input comprises a plurality of electrical 
contacts for injecting a plurality of pump currents into the semiconductor gain medium. 

35. The device of claim 26 wherein the laser cavity is oriented vertically with respect to 
the amplifying path. 

36. The device of claim 35 wherein: 

the semiconductor gain medium forms a portion of a waveguide for the optical signal 

propagating along the amplifying path; 
the laser cavity comprises a first and a second mirror disposed to form a laser cavity 

oriented vertically with respect to the amplifying path; 
the design parameter includes a cross-sectional size of the laser cavity; and 
the cross-sectional size increases along the amplifying path. 

37. The device of claim 25 wherein the laser cavity is aligned with respect to the 
amplifying path. 

38. The device of claim 37 wherein 

the design parameter includes a noise figure; and 

the noise figure at a beginning of the amplifying path is less than the noise figure at an 
end of the amplifying path. 

39. The device of claim 37 wherein: 

the design parameter includes a carrier density at a lasing threshold; and 
the carrier density at a beginning of the amplifying path is greater than the carrier 
density at an end of the amplifying path. 

40. The device of claim 37 wherein: 

the design parameter includes a saturable power; and 
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the saturable power at a beginning of the amplifying path is less than the saturable 
power at an end of the amplifying path. 

41 . The device of claim 37 wherein the laser cavity further comprises: 
a first mirror located at the input; 

a second mirror located at the output; and 

wherein a reflectivity of the first mirror is greater than a reflectivity of the second 
mirror. 

42. A low noise, high power lasing semiconductor optical amplifier (SOA) device for 
amplifying an optical signal, the device comprising: 

a first SOA stage having an input and an output; 

a second SOA stage having an input and an output, the input of the second lasing 
SOA stage coupled to the output of the first SOA stage; 

wherein each SOA stages comprises a semiconductor gain medium having an 

amplifying path coupled between the input and the output of the SOA stage 
for amplifying an optical signal propagating along the amplifying path; and 

wherein each SOA stage is characterized by a noise figure and a saturable power, and 
the noise figure and the saturable power of the first SOA stage are less than 
the noise figure and the saturable power of the second SOA stage. 

43. The device of claim 42 wherein the second SOA stage further comprises: 
a laser cavity including the semiconductor gain medium; and 

a pump input to the semiconductor gain medium for receiving a pump to pump the 
semiconductor gain medium above a lasing threshold for the laser cavity, 
whereby a gain of the semiconductor gain medium is clamped to a gain value 
which is substantially independent of an amplitude of the optical signal 
propagating along the amplifying path. 

44. The device of claim 43 wherein the laser cavity is oriented vertically with respect to 
the amplifying path. 

45. The device of claim 43 wherein the laser cavity is oriented transversely with respect 
to the amplifying path. 
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46. In a multi-stage lasing semiconductor optical amplifier (SOA) device comprising a 
first SOA stage and a second SOA stage, each SOA stage including a semiconductor gain 
medium and a laser cavity including the semiconductor gain medium, a method for 
amplifying an optical signal comprising: 
receiving an optical signal; 

propagating the optical signal along an amplifying path in the semiconductor gain 
medium of the first SOA stage; 

in the first SOA stage, pumping the semiconductor gain medium above a lasing 
threshold for the laser cavity, whereby a gain of the semiconductor gain 
medium is clamped to a gain value which is substantially independent of an 
amplitude of the optical signal propagating along the amplifying path; 

amplifying the optical signal responsive to the gain value of the first SOA stage as the 
optical signal propagates along the amplifying path of the first SOA stage; 

propagating the optical signal amplified in the first SOA stage along an amplifying 
path in the semiconductor gain medium of the second SOA stage; 

in the second SOA stage, pumping the semiconductor gain medium above a lasing 
threshold for the laser cavity, whereby a gain of the semiconductor gain 
medium is clamped to a gain value which is substantially independent of an 
amplitude of the optical signal propagating along the amplifying path; 

amplifying the optical signal responsive to the gain value of the second SOA stage as 
the optical signal propagates along the amplifying path of the second SOA 
stage; and 

wherein the steps of amplifying the optical signal for each SOA stage are responsive 
to a value for a design parameter for each SOA stage and a value of the design 
parameter for the first SOA stage is different from a value of the design 
parameter for the second SOA stage. 

47. The method of claim 46 wherein: 

the design parameter includes a noise figure for the SOA stage; and 
the noise figure for the first SOA stage is less than the noise figure for the second 
SOA stage. 

48. The method of claim 46 wherein: 
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the design parameter includes a carrier density at a lasing threshold for the laser cavity 

of the SO A stage; and 
the carrier density at the lasing threshold of the first SOA stage is greater than the 

carrier density at the lasing threshold of the second SOA stage. 

49. The method of claim 46 wherein: 

the design parameter includes a saturable power of the SOA stage; and 
the saturable power of the first SOA stage is less than the saturable power of the 
second SOA stage. 

50. The method of claim 46 wherein: 

the design parameter includes a round-trip loss for the laser cavity of the SOA stage; 
and 

the round-trip loss for the laser cavity of the first SOA stage is greater than the round- 
trip loss for the laser cavity of the second SOA stage. 
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5 1 . The method of claim 46 wherein: 

the steps of amplifying the optical signal for each SOA stage are characterized by an 

overall gain and an overall saturable power; and 
the variation of the design parameter between the first SOA stage and the second SOA 

stage results in better noise performance relative to a method with the same 

overall gain and the same overall saturable power but a single value for the 

design parameter. 

52. The method of claim 46 wherein the step of receiving an optical signal comprises 
receiving an optical signal having a wavelength in a range of about 1.2 to 1.7 microns. 

53. The method of claim 46 further comprising the step of orienting the laser cavity 
vertically with respect to the amplifying path. 

54. The method of claim 53 wherein: 

the design parameter includes a round-trip reflectivity for the laser cavity of the SOA 

stage; and 

the round-trip reflectivity of the first SOA stage is less than the round-trip reflectivity 
of the second SOA stage. 

55. The method of claim 53 wherein: 

the design parameter includes a noise figure for the SOA stage; and 
the noise figure for the first SOA stage is less than the noise figure for the second 
SOA stage. 

56. The method of claim 53 wherein: 

the design parameter includes a saturable power of the SOA stage; and 
the saturable power of the first SOA stage is less than the saturable power of the 
second SOA stage. 

57. The method of claim 53 wherein: 

the steps of amplifying the optical signal for each SOA stage are characterized by an 

overall gain and an overall saturable power; and 
the variation of the design parameter between the first SOA stage and the second SOA 

stage results in better noise performance relative to a method with the same 
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overall gain and the same overall saturable power but a single value for the 
design parameter. 

58. The method of claim 53 wherein: 

the steps of pumping the semiconductor gain medium for the SOA stages comprises 
injecting a pump current into the semiconductor gain medium independently 
for each SOA stage. 

59. The method of claim 53 wherein the multi-stage lasing SOA device is for amplifying 
optical signals having a wavelength in a range of about 1.2 to 1.7 microns. 

60. In a varying lasing semiconductor optical amplifier (SOA) device comprising a 
semiconductor gain medium and a laser cavity including the semiconductor gain medium, a 
method for amplifying an optical signal comprising: 

* receiving an optical signal; 

propagating the optical signal along an amplifying path in the semiconductor gain 
medium; 

varying a design parameter along the amplifying path; and 

pumping the semiconductor gain medium above a lasing threshold for the laser cavity, 
whereby a gain of the semiconductor gain medium is clamped to a gain value 
which is substantially independent of an amplitude of the optical signal 
propagating along the amplifying path. 

61 . The method of claim 60 further comprising the step of orienting the laser cavity off- 
axis with respect to the amplifying path. 

62. The method of claim 61 wherein 

the design parameter includes a noise figure; and 

the step of varying the design parameter comprises increasing the noise figure along 
the amplifying path. 

63. The method of claim 61 wherein: 

the design parameter includes a carrier density at a lasing threshold; and 
the step of varying the design parameter comprises decreasing the carrier density at 
the lasing threshold along the amplifying path. 
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64. The method of claim 61 wherein: 

the design parameter includes a saturable power; and 

the step of varying the design parameter comprises increasing the saturable power 
along the amplifying path. 

65 . The method of claim 6 1 wherein: 

the design parameter includes a round-trip loss for the laser cavity; and 
the step of varying the design parameter comprises decreasing the round-trip loss 
along the amplifying path. 

66. The method of claim 65 wherein: 

the step of varying the design parameter comprises increasing a cross-sectional size of 
the laser cavity along the amplifying path. 

67 . The method of claim 6 1 wherein: 

the steps of propagating the optical signal along an amplifying path is characterized 

by an overall gain and an overall saturable power; and 
the step of varying the design parameter results in better noise performance relative to 

a non-varying lasing SOA device with the same overall gain and the same 

overall saturable power but in which the design parameter does not vary along 

the amplifying path. 

68. The method of claim 61 wherein the step of receiving an optical signal comprises 
receiving an optical signal having a wavelength in a range of about 1.2 to 1.7 microns. 

69 . The method of claim 6 1 wherein: 

the step of pumping the semiconductor gain medium comprises injecting a plurality of 
pump currents into the semiconductor gain medium. 

70. The method of claim 61 further comprising orienting the laser cavity vertically with 
respect to the amplifying path. 

71. The method of claim 60 further comprising the step of aligning the laser cavity with 
the amplifying path. 

72. The method of claim 7 1 wherein 

the design parameter includes a noise figure; and 
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the step of varying the design parameter comprises ensuring that the noise figure at a 
beginning of the amplifying path is less than the noise figure at an end of the 
amplifying path. 

73. The method of claim 71 wherein: 

the design parameter includes a carrier density at a lasing threshold; and 

the step of varying the design parameter comprises ensuring that the carrier density at 

a beginning of the amplifying path is greater than the carrier density at an end 

of the amplifying path. 

74. The method of claim 71 wherein: 

the design parameter includes a saturable power; and 

the step of varying the design parameter comprises ensuring that the saturable power 
at a beginning of the amplifying path is less than the saturable power at an end 
of the amplifying path. 

75. In a low noise, high power lasing semiconductor optical amplifier (SOA) device 
comprising a first SOA stage and a second SOA stage, each SOA stage including a 
semiconductor gain medium, a method for amplifying an optical signal comprising: 

receiving an optical signal; 

propagating the optical signal along an amplifying path in the semiconductor gain 

medium of the first SOA stage; 
amplifying the optical signal responsive to a gain value of the first SOA stage as the 

optical signal propagates along the amplifying path of the first SOA stage; 
propagating the optical signal amplified in the first SOA stage along an amplifying 

path in the semiconductor gain medium of the second SOA stage; 
amplifying the optical signal responsive to a gain value of the second SOA stage as 

the optical signal propagates along the amplifying path of the second SOA 

stage; and 

wherein the steps of amplifying the optical signal for each SOA stage are responsive 
to noise figure and a saturable power for the SOA stage, and the noise figure 
and the saturable power for the first SOA stage are less than the noise figure 
and the saturable power for the second SOA stage. 



76. The method of claim 75 further comprising the step of: 

34 



WO 01/28049 



PCT/USOO/27994 



in the second SOA stage, pumping the semiconductor gain medium above a lasing 
threshold, whereby a gain of the semiconductor gain medium is clamped to 
gain value which is substantially independent of an amplitude of the optical 
signal propagating along the amplifying path. 

77. The method of claim 75 further comprising orienting the laser cavity vertically wit! 
respect to the amplifying path. 
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